Single crystalline Sc 1Ϫx Ti x N layers, with compositions spanning the entire range (0рxр1), were grown on MgO͑001͒ by ultrahigh vacuum reactive magnetron sputter deposition at 750°C. Optical transmission and reflectivity spectra are well described by a Drude-Lorentz model. The optical carrier density N* increases linearly from 1.0ϫ10 21 for ScN to 4.6ϫ10 22 cm Ϫ3 for TiN while the room-temperature electrical resistivity 300K varies by more than 2 orders of magnitude, from 2 ϫ10 Ϫ3 ⍀ cm for ScN to 13 ⍀ cm for TiN. 300K agrees well with optically determined resistivity values for alloys with compositions up to xϭ0.66, corresponding to the onset of electron filling in the second and third conduction bands. We calculated ScN and TiN band structures by ab initio density functional methods and used the results to simulate the field responses of free carriers in the Sc 1Ϫx Ti x N layers. From this, we determined, in combination with the measured temperature dependence of the resistivity, the low-temperature carrier relaxation time (x). The composition dependence of is dominated by alloy scattering and agrees well with our measured optical results. Hall experiments were used to obtain the effective carrier density N eff (x) which increases linearly with x up to xϭ0.4. N eff (x) is relatively flat for alloy compositions between xϭ0.4 and 0.7, due to anisotropies in the conduction band, and exhibits a steep increase at xϾ0.7 as higher lying conduction bands begin to be occupied. Our simulated Sc 1Ϫx Ti x N electronic transport properties are in good agreement with experiment. Interband optical absorption results can also be understood based upon the calculated band structures.
I. INTRODUCTION
Transition-metal nitrides are well known for their remarkable physical properties including high hardness and mechanical strength, chemical inertness, and electrical resistivities that vary from metallic to semiconducting. As a result, they are widely studied and have become technologically important for applications such as hard wear-resistant coatings, diffusion barriers, and optical coatings. While TiN has received by far the most attention and is presently used commercially in all of the above mentioned applications, the neighboring nitride on the periodic table, ScN, has only recently been investigated in some detail. [1] [2] [3] [4] [5] [6] ScN is a B-1 NaCl structure IIIB-V compound with an electronic structure determined by the N 2p and Sc 3d bands. It has recently been shown, using a combination of optical properties, 3, 6 photoelectron spectroscopy, 6 and ab initio calculations, 6 that there is a gap in the density-of-states ͑DOS͒ between the 2p valence and 3d conduction bands and that ScN is a transparent semiconductor with an indirect ⌫ to X gap of Ӎ1.3 eV and a direct gap at the X point of 2.4 eV. Ti is a group-IVB metal with one more 3d electron than Sc. Thus, each TiN formula unit provides one electron to the conduction band resulting in metallic conductivity. TiN has a room temperature resistivity of 13-15 ⍀ cm [7] [8] [9] and optical reflectance leading to a golden yellow color. [10] [11] [12] [13] [14] [15] The Sc 1Ϫx Ti x N alloy system is interesting since it allows one to investigate the effect on physical properties of continuously varying the composition from semiconducting ScN to metallic TiN. The Fermi level f , which is in the band gap for ScN, moves progressively up into the 3d conduction bands with the addition of TiN, resulting in a continuous increase in carrier density. This refractory materials system offers the potential for high-temperature optical and electronic device applications.
In this article, we present the results of an investigation of the growth and optoelectronic properties of epitaxial Sc 1Ϫx Ti x N͑001͒. The single-crystalline alloy layers were grown on MgO͑001͒ by ultrahigh vacuum ͑UHV͒ reactive magnetron sputter deposition. Their color continuously varies from transparent to blue-green to burgundy to orange to golden yellow with increasing x. The optical and electronic properties of Sc 1Ϫx Ti x N alloys were studied experimentally and computationally over the entire composition range. Optical spectra in the alloy intraband transition region are well described within the Drude model. Quantitative analyses of optical and temperature-dependent electrical conductivity measurements show that phonon and alloy scattering are the dominant contributions to the resisitivity. The response of the conduction electrons to applied electric and magnetic fields is modeled based upon ab initio band structure calculations and shown to be in good agreement with measurements of the composition-dependent low-temperature resistivity and effective carrier density. Interband Sc 1Ϫx Ti x N a͒ Author to whom correspondence should be addressed; electronic mail: greene@mrlxp2.mrl.uiuc.edu optical absorption measurements are explained using the calculated alloy band structures.
II. EXPERIMENTAL PROCEDURE
The Sc 1Ϫx Ti x N layers were grown on 10ϫ10ϫ0.5 mm 3 MgO͑001͒ substrates at 750°C by UHV reactive magnetron sputter deposition in 99.999% pure N 2 discharges at 5 mTorr. The Sc to Ti ratio was controlled by the relative power applied to two symmetrically positioned magnetrons with 5-cm-diam Sc ͑99.9% purity͒ and Ti ͑99.999%͒ targets, respectively. Substrate preparation and film growth procedure followed those employed for the growth of epitaxial ScN and TiN layers on MgO͑001͒. 4, 5 Alloy compositions were determined using a combination of Rutherford backscattering spectroscopy ͑RBS͒ 16 and x-ray photoelectron spectroscopy ͑XPS͒. 17 The layers were found to be stoichiometric with N/͑ScϩTi͒ϭ1.00Ϯ0.04. Alloy compositions x correspond well with values expected from deposition rate calibrations. No contamination, other than 0.1 at % Ta from the Sc target ͑Ta is the normal impurity in Sc͒, was detected by either RBS or XPS.
Film microstructures were analyzed by x-ray diffraction and cross-sectional and plan-view transmission electron microscopy. All layers were single phase NaCl-structure monocrystals exhibiting an epitaxial cube-on-cube relationship with the substrate: (001) (Sc,Ti) N ʈ(001) MgO with ͓100͔ (Sc,Ti)N ʈ͓100͔ MgO . Alloy lattice constants perpendicular to the film surface decreased linearly with x, following Vegard's rule, from 4.518 Å for ScN to 4.248 Å for TiN. All films were relaxed at the growth temperature but were in a mild state of compressive strain (Ͻ0.5%) at room temperature due to differential thermal contraction during cooling from the deposition temperature, 750°C.
Optical transmission and reflection spectra were obtained over the wavelength range between 200 and 2500 nm using a Perkin-Elmer Lambda 9 spectrophotometer with an integrating sphere for light collection. Spectral intensity distributions were calibrated using reflection spectra from an undoped single-crystal Si͑001͒ wafer.
Electronic properties were measured at temperatures between 2 and 400 K in a Quantum Design Physical Property Measurement System operated with a 7 T magnetic field. For this purpose, four Al contacts were evaporated through a mask in the van der Pauw geometry.
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III. COMPUTATION
ScN and TiN band structures were calculated using the Vienna ab initio simulation package 19 which employs pseudopotentials and a plane wave basis set to obtain the Kohn-Sham ground state. The generalized gradient approximation ͑GGA͒ of Perdew and Wang 20 was used for the exchange correlation functional. Ultrasoft Vanderbilt-type pseudopotentials, 21 with core radii of 3.05, 2.79, and 1.65 a.u. for Sc, Ti, and N, respectively, yielded good total energy convergence (⌬EϽ2 meV͒ with an energy cutoff of 435 eV for the plane wave basis set expansion. The charge density was determined in a self-consistent run, with a k-space sampling carried out according to the method of Monkhorst and Pack. 22 24, 25 The only significant difference is the position of the Fermi level f , which is at the bottom of the 3d bands for ScN and 2.7 eV higher for TiN. The calculation for ScN predicts an approximately zero band gap between the valence band at the ⌫ point and the conduction band at the X point. Thus, the band gap is underestimated by Ӎ1.3 eV. Such underestimation is typical for all commonly used exchange correlation functionals, 6 including the GGA employed in this study. Similar results were reported by Neckel et al. 24 and Monnier et al., 26 who treated the exchange and correlation effects using the X␣ method and the local density approximation ͑LDA͒, respectively. Although all three calculations greatly underestimate the band gap, the shapes of individual bands are relatively accurate and the obtained band structures are therefore useful for explaining the effects of the electronic structure on transport properties as well as the contribution of intraband transitions to optical properties. All calculations on transport properties of Sc 1Ϫx Ti x N (0рxр1) presented in this study are performed starting with the ScN band structure and simply shifting f as a function of x based upon band filling, thus taking advantage of the similarity of the ScN and TiN band structures. This is illustrated in Fig. 1 , which shows the band structure around f along high symmetry directions in the Brillouin zone.
The Fermi level of ScN is located between the N 2p and the Sc 3d bands. As x is increased in the Sc 1Ϫx Ti x N alloy system, f moves into the 3d conduction bands. Figure 1 shows Fermi levels at 0, 1.6, 2.3, and 2.7 eV, corresponding to ScN, Sc 0.70 Ti 0.30 N, Sc 0.34 Ti 0.66 N, and TiN, respectively. At an energy of 2.3 eV above the bottom of the conduction band, the d bands are threefold degenerate ͑six-fold, accounting for spin degeneracy͒ at the ⌫ point. Below this energy, only one band contributes to the conduction-band DOS, while above there are three. Thus, conduction electrons fill only a single band in Sc 1Ϫx Ti x N alloys with xϽ0.66, while there are three partially filled bands in alloys with xϾ0.66. This argument neglects the fact that the translational symmetry used to calculate the band structure of the NaCl structure ScN and TiN is broken for Sc 1Ϫx Ti x N alloys with a random distribution of Sc and Ti atoms on cation sites. However, qualitative effects of the band structure on electronic transport properties can be understood within this simple picture.
The response of the conduction electrons, as a function of alloy composition, to applied electric E and magnetic H fields can be computed from the calculated Sc 1Ϫx Ti x N band structures. For this purpose, an ensemble of electrons with a constant k-space electron-electron separation was used to fill the alloy conduction bands up to f . The trajectory in k space of each electron was numerically integrated over a time period equal to the carrier relaxation time using the equation
The velocity v(k) in real space is determined from the slopes of the bands at k through the relationship
and the current density j is then obtained by averaging the electron velocity over time and the ensemble. Setting Hϭ0 in Eq. ͑1͒ and calculating j parallel to E gives the resistivity ϭE/j. The Hall coefficient R H is obtained using a nonzero H field perpendicular to E and calculating the Hall field using and the current perpendicular to both E and H. Equations ͑1͒ and ͑2͒ are semiclassical in nature and valid only in the absence of significant coherent scattering from multiple scattering centers. We show in Sec. IV that electronic transport properties obtained using these equations, together with our calculated ScN and TiN band structures, provide good agreement with experimentally measured results for Sc 1Ϫx Ti x N͑001͒ alloy layers. The use of 10 6 electrons in the ensemble and an integration time step of /100 resulted in calculated electronic properties being well converged at all alloy compositions. The orientations of the electric and magnetic fields, E along ͗100͘ and H along ͗001͘, were chosen to correspond to our experimental geometry. The magnetic field strength was set to the experimental value Hϭ7 T and the E field to 10 4 V/cm. E could not be chosen as small as in the experiment, 10 Ϫ4 ՇE exp Շ1 V/cm, since this would, due to the correspondingly small electric-field-induced trajectory in k space, require the use of 10 10 electrons in order to obtain computational convergence. However, the simulated values for and R H were found to be independent of E, as demonstrated by changing the field strength by up to a factor of 10, and therefore exhibit correspondence with experiment. The carrier relaxation time was obtained from the experiment as described below. The TiN layer is strongly reflecting up to the reflectance edge at ប e ϭ2.3 eV, where ប e is defined as the photon energy at which the reflectance is equal to 0.5. The minimum TiN reflectance, 0.15, occurs at ប min ϭ2.85 eV. This agrees well with previous reported values ranging from 0.12 to 0.17 at photon energies 2.8-2.9 eV. 11, 12, 27, 28 The reflection spectrum of Sc 0.31 Ti 0.69 N is similar to that of pure TiN, but with ប e and ប min shifted by 0.45 eV to lower energies: 1.85 and 2.4 eV, respectively. For Sc 0.69 Ti 0.31 N, ប e and ប min decrease further to 1.3 and 1.95 eV. The ScN spectrum exhibits no metallic reflectivity, and the interference fringes indicate transparency up to approximately 2.4 eV.
IV. RESULTS AND DISCUSSION
The inset in Fig. 2 is a plot of the energies of the reflectance edge and minimum as a function of film composition x. The reflectance edge frequency e is related to the plasma frequency p ϭͱ4Ne 2 /m* ͑3a͒ through the relationship
assuming that the screening of plasma oscillations due to the polarization of valence electrons, as accounted for by ⑀ b , is independent of composition. Here, m* is the optical effective mass, 29, 30 N is the free carrier density, and e is the electron charge. Since each TiN formula unit provides one electron to the conduction band, Nϰx. Thus, from Eqs. ͑3a͒ and ͑3b͒, the reflection edge frequency e is proportional to the square root of x as shown in the inset in Fig. 2 where the solid line corresponds to a fit with e ϰͱx. The good agreement between the curve and the experimental results indicates that interband transitions have no significant effect on the optical properties over the energy range corresponding to e (x).
Transmission and reflection spectra were fit simultaneously using a Drude-Lorentz model for the dielectric function ⑀()ϭ⑀ 1 ()ϩi⑀ 2 (),
where 0 , ␥ 0 , and f 0 are the transition energy, width, and strength of the Lorentz oscillator, ␥ϭ1/ is the Drude damping term with being the free electron relaxation time, and ⑀ ϱ is a constant accounting for all higher-energy interband transitions and the core electrons. The Lorentz oscillator is included in the fitting procedure to model the onset of the interband transitions. A single oscillator cannot accurately describe the many interband transitions present in Sc 1Ϫx Ti x N, however it allows us to fit transmission and reflection spectra not only at very low frequencies, but from the near infrared ͑NIR͒ region up to, and slightly into, the interband transition range. The latter is necessary since the onset of interband transitions is rather close to the reflection edge. Thus, the Drude free electron energy range slightly overlaps the onset of the interband transitions. Figure 3 shows a typical set of transmission T(ប) and reflection R(ប) data, obtained in this case from a 2000-Å-thick Sc 0.69 Ti 0.31 N layer. The optical properties of the MgO substrate were determined in a separate experiment and found to be in good agreement with previously published data. 31, 32 The circles and squares in Fig. 3 correspond to measured reflectance and transmission, respectively, while the solid lines are obtained from the Drude-Lorentz fit over the energy interval from 0.5 to 3.5 eV. The excellent agreement shows that the optical properties of Sc 1Ϫx Ti x N in the NIR and visible range are well described within the DrudeLorentz model.
Equally good fits for T(ប) and R(ប) were obtained for all Sc 1Ϫx Ti x N alloys over the energy range between 0.5 eV and ͑3ϩ1.5x͒ eV, thus up to photon energies ranging from 3 eV for ScN to 4.5 eV for TiN. The larger applicable energy range of the Drude-Lorentz model for TiN is due to the higher onset energy for interband transitions, 3.1 eV for TiN compared to 2.4 eV for ScN. The choice of the fitting range is somewhat arbitrary. However, the Drude parameters p and ␥ we obtained were not strongly dependent upon the chosen photon energy interval. Varying the upper end of the interval by 0.5 eV, for example, leads to changes in p and ␥ of less than 3%. Figure 4 shows results from the Drude-Lorentz fits for 2000-and 500-Å-thick Sc 1Ϫx Ti x N layers over the entire composition range. The optical carrier density, N* ϭN/(m*/m), is plotted versus x in Fig. 4͑a͒ . N*, the carrier density corrected by the optical effective mass m*, is obtained from the plasma frequency p using Eq. ͑3a͒. N* ϭ1.0ϫ10 21 The free electron relaxation time , obtained from the fitted Drude damping term ␥ϭ1/, is plotted in Fig. 4͑b͒ The composition dependence of the relaxation time in Sc 1Ϫx Ti x N layers can be qualitatively understood by considering only the two primary scattering processes, phonon and alloy scattering. The electron-phonon interaction can, to first approximation, be taken as independent of composition. Therefore, the phonon scattering rate w ph is proportional to the density of final states for scattered electrons, i.e., the density of states at the Fermi level N( f ). Alloy scattering is caused by the random distribution of Sc and Ti atoms on the cation sublattice, which disturbs the periodic crystal potential. The alloy scattering rate w alloy is proportional to the product of the Sc and Ti concentration fractions, N( f ), and the square of the potential difference U between a conduction electron state on Sc and Ti sites 34 w alloy ϰx͑1Ϫx ͒N͑ f ͒U
. ͑5͒
The scattering potential U is, however, also composition dependent. The free carriers, whose density is proportional to x, screen the random potential fluctuations, thus causing U to decrease with increasing x. The relaxation time ͓Fig. 4͑b͔͒ is largest for xϭ0 and xϭ1, where alloy scattering vanishes. In addition, N( f ) is zero for pure ScN. Thus, decreases more rapidly with TiN alloying of ScN than with ScN alloying of TiN. The experimental data in Fig. 4͑b͒ are fit using the relationship
where c ph is a constant which accounts for phonon scattering, N( f ) has been taken to be proportional to ͱx according to Ref. 6 , and an arbitrary decay function has been used for the scattering potential, Uϭ0.18ϩexp(Ϫ5x). The measured data are well described by Eq. ͑6͒ for Sc 1Ϫx Ti x N alloys with xϾ0. The validity of the optical method used to determine both N* and can be confirmed by comparing the resistivity op obtained from the optical analyses, through the expression with (x) data from electronic transport measurements. and N* in Eq. ͑7͒ are determined from the Drude model. Figure 5 shows room-temperature resistivity data obtained from four-point probe measurements of 2000-Å-thick Sc 1Ϫx Ti x N layers. The resistivity of pure ScN and TiN are 2ϫ10 Ϫ3 ⍀ cm and 13 ⍀ cm, respectively, which are consistent with reported values for polycrystalline ScN, ϭ1.2 ϫ10 Ϫ2 ⍀ cm ͑Ref. 3͒ and epitaxial TiN͑001͒, ϭ13-15 ⍀ cm.
7-9 Sc 1Ϫx Ti x N layers exhibit a continuous decrease in over more than 2 orders of magnitude as x is increased from 0 to 1. The major contribution is the increased carrier concentration due to the substitution of TiN for ScN.
The resistivity data obtained from optical analyses are in good agreement with the four-point probe measurements ͑Fig. 5͒. The discrepancy near ScN is due to the low carrier density, corresponding to a reflection edge ប e well below 0.5 eV and thus outside the energy range of the spectrometer, which in turn leads to a larger uncertainty in the optical determination of the free electron contribution. The results from the optical analyses begin to diverge from the fourpoint probe values for xϾ0.66. This corresponds to the onset for filling the second and third conduction bands as shown in Fig. 1 . The Drude free electron model cannot accurately describe transport in materials in which more than one band is partially filled.
The electrical resistivity is plotted in Fig. 6 minimum, 158 ⍀ cm, at Ӎ20 K with a slight increase at lower temperatures due to carrier localization and electronelectron interactions. 35 ͑T͒ for ScN (xϭ0) has a minimum near 200 K with ϭ1.96ϫ10 Ϫ3 ⍀ cm. The resistivity increases at lower and higher temperature due to carrier localization and phonon scattering, respectively.
All Sc 1Ϫx Ti x N samples with xϾ0.1 exhibit a resistivity which increases linearly with temperature above 70 K due to phonon scattering. The phonon scattering contribution to is therefore easily quantified. At 300 K, phonon scattering accounts for 84%, 22%, and 13% of the resistivity of Sc 1Ϫx Ti x N with xϭ1, 0.69, and 0.31, respectively. The residual resistivity is due to disorder caused by impurities, crystalline defects, and the random distribution of Sc and Ti atoms ͑i.e., alloy scattering͒. Alloy scattering is the dominant carrier scattering mechanism for all alloy samples (x 0,1). Assuming that electron-phonon interactions are independent of composition, the resistivity at low temperature can be normalized to the phonon scattering contribution, yielding an expression for the low-temperature relaxation time 0
T 0 , a temperature below the onset of phonon scattering and large enough such that carrier localization is insignificant, was chosen to be 20 K. C is a constant determined by the strength of the electron-phonon interaction. d/dT was obtained using a linear fit of the experimental data between 200 and 400 K. The resulting values for 0 are plotted in Fig. 7 .
The left vertical axis corresponds to values obtained from Eq. ͑8͒ with C set equal to 1. The constant C can, however, be determined by calculating the resistivity of TiN from the band structure, as described above, and adjusting the relaxation time so that the experimental TiN resistivity at T ϭ20 K, 2.08 ⍀ cm, is obtained. This yields a relaxation time for TiN of 1.02ϫ10 Ϫ13 s which, in turn, yields C ϭ4.09ϫ10
Ϫ12
. Using these values, the 20 K relaxation time 0 is plotted as a function of alloy composition x along the right vertical axis in Fig. 7 .
The solid line in Fig. 7 corresponds to a fit of 0 (x) using the relationship
an expression similar to Eq. ͑6͒ except that the constant c ph , which accounts for phonon scattering, is absent at low temperatures and is replaced by c def , which accounts for residual defect scattering at compositions with vanishing alloy scattering (xϭ0,1). The agreement between the fitted 0 (x) curve and measured values is quite good except at x ϭ0.045, where the data point is a factor of 2 below the curve. The poor agreement at the ScN-rich end derives from the fact that ͑T͒ is nonlinear, even at TϾ200 K, for TiN concentrations below 10 mol % (xϽ0.1) resulting in an underestimation of phonon scattering. In addition, for x ϭ0.045 a considerable fraction of carriers are localized at 20 K, thus increasing 20K and yielding, in combination with the nonlinear (T), lower /(d/dT) values for xϽ0.1 as observed in Fig. 7 . The low-temperature resistivity can now be calculated over the entire composition range using 0 (x) values obtained from fitting Eq. ͑9͒ to Fig. 7 and the calculated alloy band structures ͑see Fig. 1͒ . The results are plotted as a solid line in Fig. 8. For comparison, Fig. 8 compositions close to pure ScN. The continuous decrease in (x) at xϾ0.1 results from the linear increase in carrier density with increasing TiN concentration in Sc 1Ϫx Ti x N. The apparent discontinuity at xϭ0 is due to the vanishing carrier concentration.
Hall effect measurements have been carried out at 20 K on Sc 1Ϫx Ti x N samples spanning the entire composition range. The effective carrier density N eff is determined from the Hall coefficient R H through the relationship
where j x is the applied current density, H z is the magnetic field in the z direction, and E y is the measured Hall field. Figure 9 is a plot of N eff versus x together with calculated results obtained using the alloy band structures and Eqs. ͑1͒ and ͑2͒ as described above. For comparison, the actual carrier density N, which is equal to the TiN number density in the alloy, is also plotted in Fig. 9 . N eff increases approximately linearly from 2.8ϫ10 Ϫ15 s, in this alloy range causing N eff to diverge from the one-band high-field limit in which N eff ϭN. 33, 36 The path traversed by conduction electrons between scattering events in k space is less than the magnetic-field induced orbit. Thus, anisotropy of the band structure starts to influence the measured Hall coefficient. The Fermi level positions for alloys with x between 0.40 and 0.66 are in an energy range where the anisotropy is rather large ͑see Fig. 1͒ . The lowest conduction band, for example, decreases from ⌫ to X, but increases from ⌫ to K and ⌫ to L.
At higher TiN concentrations, xϾ0.7, N eff becomes increasingly larger than N. This is caused by the filling of the second and third conduction bands which, as shown in Fig.  1 , begins to occur when xϾ0.66. The second and third conduction bands have lower effective masses, and hence higher mobilities, than carriers in the lowest conduction band resulting in N eff being larger than the sum over the carrier densities in each individual band.
Optical absorption coefficients ␣(x) for 500-Å-thick Sc 1Ϫx Ti x N layers were determined from the measured transmission T() and reflectivity R() data using the following expression: Sc 0.36 Ti 0.64 N, and TiN. The ScN absorbance is low (␣ Ӎ10 4 cm Ϫ3 ) for photon energies below 2 eV, but increases sharply above 2.3 eV with peaks at 2.7 and 3.9 eV. This agrees well with previous results relating the absorption edge to the onset of direct band-to-band transitions at the X point and the peak at 3.9 eV to a high joint density of states at the ⌫ point. 3, 6 Comparing these energies with the band structure in Fig. 1 shows that, as noted earlier, the calculation underestimates the band gap of ScN by Ӎ1.3 eV. Band gap underestimation is observed for all commonly used exchange correlation functionals as discussed for the case of ScN in Ref. 6 .
The absorption coefficients below បϭ2 eV for Sc 1Ϫx Ti x N alloy samples are controlled by the conduction electron contribution. In this energy range, ␣(x,ប) increases with the carrier density, thus with x, and decreases as a function of ប ͑Fig. 10͒, consistent with the Drude model. The observed onsets for valence-to-conduction interband transitions in Sc 1Ϫx Ti x N alloys (Ӎ2.7 eV for Sc 0.62 Ti 0.38 N and 3 eV for Sc 0.36 Ti 0.64 N͒ are less pronounced than for pure ScN. This is partly due to the relaxation of k-selection rules resulting from the random distribution of cations in Sc 1Ϫx Ti x N and partly because the onset of interband transitions in the alloys does not coincide with a high joint density of states as in the case of ScN at the X point. Another contributing factor is the presence of transitions between conduction bands which we believe are responsible for the increase in ␣(ប) between 2 and 3 eV for Sc 0.36 Ti 0.64 N ͑Fig. 10͒. This effect is even more pronounced in the absorption spectrum of TiN which exhibits a slight increase above 1.5 eV that we attribute to direct conduction interband transitions due to a high joint DOS ͑parallel conduction bands͒ near the ⌫ point at 2.3 eV and 3.5 eV ͑Fig. 1͒. The matrix element for this transition is, however, relatively small, since transitions between d states are optically forbidden and the conduction bands are Ӎ90% d type and only Ӎ10% p type. 25 The onset of valence-to-conduction interband transitions for TiN occurs at Ӎ3 eV, in agreement with spectroscopic ellipsometry data.
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V. CONCLUSIONS
The optical and electronic-transport properties of Sc 1Ϫx Ti x N͑001͒ alloys have been measured experimentally and interpreted using calculated band structures and the simulated field responses of free carriers. For this purpose, single-crystalline 500-and 2000-Å -thick layers were grown on MgO͑001͒ by UHV reactive magnetron sputter deposition.
The optical reflectivity of Sc 1Ϫx Ti x N is characterized by a composition-dependent reflection edge at photon energies proportional to the corresponding plasma frequencies. Transmission and reflectivity spectra are well described by a Drude-Lorentz model which provides values for the carrier density N*ϭN/(m*/m) and the free carrier relaxation time 300K at room temperature. N* increases linearly with x from 1.0ϫ10 21 cm Ϫ3 for ScN to 4.6ϫ10 22 cm Ϫ3 for TiN. The composition dependence of 300K is well explained by phonon and alloy scattering. Room-temperature resistivities determined from the optical analyses agree well with values obtained from four-point probe measurements of alloys with compositions less than the value xϭ0.66, corresponding to the onset of filling the second and third conduction bands. The resistivity has a linear temperature dependence, due to phonon scattering, over the temperature range 50ՇTр400 K for Sc 1Ϫx Ti x N alloys with 0.1Ͻxр1. Normalizing the measured low-temperature resistivity, using phonon scattering, yields the low-temperature carrier relaxation time 0 , which is well described by alloy scattering theory.
The band structures of ScN and TiN were determined by ab initio density functional methods and used to simulate the response of the free carriers in Sc 1Ϫx Ti x N to electric and magnetic fields. Agreement between experimental and simulated values for the resistivity (x) and the effective carrier density N eff (x) are excellent. N eff (x) increases linearly with x, closely following the actual carrier density N(x), up to x ϭ0.4 and then remains nearly constant between xϭ0.4 and 0.7 due to rapid carrier relaxation combined with strong conduction band anisotropy. N eff increases steeply for xϾ0.7 as higher lying lower effective mass conduction bands begin to be occupied. 
